Increasing sward phytodiversity has been suggested as having potential to increase primary production of grasslands, but whether any such gains are converted into secondary production, through improved performance of grazing livestock, remains uncertain. Animal production by cattle and sheep can also be enhanced by mixed-grazing. To our knowledge, this effect has never been studied in relation to differences in sward phytodiversity. Therefore, a rotational grazing experiment was conducted over 5 years (2007)(2008)(2009)(2010)(2011) on permanent grassland in Germany using sheep and cattle in mono-(single-species) or mixed-grazing of swards differing in plant species richness. Herbicides against dicotyledonous plant species were used to create different sward types: species-poor, grass-dominated swards in contrast to untreated "diverse" control swards. We found no differences in herbage production between the sward types. However, compared to the grass-dominated sward, the diverse sward showed greater concentrations of crude protein and lower contents of acid detergent fiber in the herbage dry-matter. Lamb live weight gains were slightly greater on the diverse-swards (P < 0.05), but calf performance was unaffected by sward type. Mixed-grazing increased daily average live weight gains of suckler cows (g cow −1 d −1 ) (P < 0.05) as well as area-related daily live weight gains (kg ha −1 d −1 ) and total live weight gains (kg ha −1 ) during the complete grazing season (P < 0.001). This indicates advantages of combining livestock species, attributed to complementary pasture use. We suggest that mixed-grazing of cattle and sheep on phytodiverse swards is an effective and sustainable means to enhance ecological and agronomic traits such as livestock production and plant species conservation. Lamb production especially showed benefits under mixed-grazing, with a 17% increase in live weight gain. Compared to the grass-dominated sward, diverse swards resulted in an average 12% increase of live weight gains (across grazing systems and livestock species).
Increasing sward phytodiversity has been suggested as having potential to increase primary production of grasslands, but whether any such gains are converted into secondary production, through improved performance of grazing livestock, remains uncertain. Animal production by cattle and sheep can also be enhanced by mixed-grazing. To our knowledge, this effect has never been studied in relation to differences in sward phytodiversity. Therefore, a rotational grazing experiment was conducted over 5 years (2007) (2008) (2009) (2010) (2011) on permanent grassland in Germany using sheep and cattle in mono-(single-species) or mixed-grazing of swards differing in plant species richness. Herbicides against dicotyledonous plant species were used to create different sward types: species-poor, grass-dominated swards in contrast to untreated "diverse" control swards. We found no differences in herbage production between the sward types. However, compared to the grass-dominated sward, the diverse sward showed greater concentrations of crude protein and lower contents of acid detergent fiber in the herbage dry-matter. Lamb live weight gains were slightly greater on the diverse-swards (P < 0.05), but calf performance was unaffected by sward type. Mixed-grazing increased daily average live weight gains of suckler cows (g cow −1 d −1 ) (P < 0.05) as well as area-related daily live weight gains (kg ha −1 d −1 ) and total live weight gains (kg ha −1 ) during the complete grazing season (P < 0.001). This indicates advantages of combining livestock species, attributed to complementary pasture use. We suggest that mixed-grazing of cattle and sheep on phytodiverse swards is an effective and sustainable means to enhance ecological and agronomic traits such as livestock production and plant species conservation. Lamb production especially showed benefits under mixed-grazing, with a 17% increase in live weight gain. Compared to the grass-dominated sward, diverse swards resulted in an average 12% increase of live weight gains (across grazing systems and livestock species).
Keywords: species-rich grasslands, multispecies-grazing, biodiversity, livestock production, forage-quality INTRODUCTION Grasslands in temperate regions of the world are an important resource, and often the main supply, of feed for ruminant livestock (O'Mara, 2012) . Applications of mineral and organic fertilizers have been widely used on grasslands over many decades, on grazed pastures as well as mown meadow swards, to optimize primary (herbage mass), and secondary (livestock performance) productivity, but their use has contributed to a decline of biodiversity (Hopkins and Wilkins, 2006) . Therefore, attention needs to be focused on other grassland management options to enable the integration of production with biodiversity objectives in agricultural systems . There is an on-going debate on how plant diversity can affect ecosystem services, including grassland productivity, under varying conditions (e.g., Hector et al., 2010; Wrage et al., 2011; Seither et al., 2012; Petersen et al., 2013; Isbell et al., 2015; Carlsson et al., 2017) . Many experiments on sown grasslands have indicated positive relationships with species richness (e.g., Hector et al., 1999; Bullock et al., 2001; Tilman et al., 2001) or evenness (Kirwan et al., 2007) on herbage dry matter (DM) yield as measured under cutting. This relationship might apply not only to cut swards as found in experimental plots, but also to grazed grasslands (Sanderson et al., 2005; Isbell and Wilsey, 2011) . For instance, Grace et al. (2018b) found greater biomass production of botanically diverse sown swards compared with grass-dominated swards under sheep grazing, despite lower nitrogen input. In contrast, other authors did not find species richness to be a predictor of primary production, either on mown (Kahmen et al., 2005) or on grazed sites (Rusch and Oesterheld, 1997; Tracy and Faulkner, 2006) . Phytodiversity has also been shown to affect forage quality, although reports are inconsistent (Bullock et al., 2001; Tracy and Faulkner, 2006) . For example, White et al. (2004) found a negative effect, while other studies (Hofmann and Isselstein, 2005; Isselstein, 2005; Seip et al., 2012; Petersen et al., 2013) have suggested that the herbage of more diverse-swards contains higher concentrations of crude protein, particularly in late season.
It would be of considerable interest to establish whether suggested benefits, as reported in terms of increased primary production associated with higher levels of phytodiversity, might also be reflected in improved performance by grazing livestock. When Totty et al. (2013) investigated dairy milk production from sown mixtures differing in species diversity, they found that the five-species mixture resulted in increased total milk yield but not in terms of yield of milk solids, when compared with a species-poor ryegrass-white clover sward. In a similar experiment, Soder et al. (2006) found no increase in milk solids production, and Tracy and Faulkner (2006) reported that cow-calf performance was also not influenced by the complexity of sown grassland mixtures. In an experiment with grazing sheep, complex mixtures resulted in better live weight gain than from simple swards, and the improved performance was attributed to higher rates of herbage utilization (Grace et al., 2018a,b) .
The choice of the grazing system in terms of mixedgrazing vs. single-species grazing (subsequently referred to as mono-grazing) can also affect the agronomic output over a range of grazing species (Forteau et al., 2019; Sharpe, 2019) . Mixed-grazing of cattle and sheep has been found to enhance animal performance (Nolan and Conolly, 1989; Abaye et al., 1994; Marley et al., 2006; Fraser et al., 2007 Fraser et al., , 2013 Fraser et al., , 2014 . Herbivore species differ in how they defoliate, the sward, and in excreta deposition and trampling (Rook et al., 2004; Wrage et al., 2011) , and can thereby affect pasture productivity (Boswell, 1977; White and Knight, 2007) and quality (Abaye et al., 1994) . Sheep graze selectively for preferred plants, but their excreta are more evenly distributed than cattle excreta (Monteath et al., 1977; Abaye et al., 1997; Seither et al., 2012) . Cattle and sheep both tend to avoid grazing in close proximity to dung patches of their own species; this can lead to a considerable amount of residual herbage on grazed swards, with direct implications for overall grazing efficiency (Nolan and Conolly, 1989; Murphy et al., 1995) . As a result, complementary mixed-grazing of cattle and sheep has been advocated for obtaining a more even utilization of pastures, as sheep graze closer to cattle dung patches (Forbes and Hodgson, 1985) , and as cattle are less selective at the single-plantscale they in turn will and also graze the more mature forage that is avoided by sheep (Dumont et al., 1995) . The positive effects of complementary grazing might be most distinct in diverse swards offering the greatest opportunities to utilize dietary differences among livestock species and, thus, lower the competition for vegetation resources (Forbes and Hodgson, 1985; Fraser et al., 2007) . Mixed-grazing has generally been found to have a positive effect on utilization by sheep, particularly on lamb performance (Abaye et al., 1994; Marley et al., 2006; Wright et al., 2006; Fraser et al., 2007 Fraser et al., , 2013 . Cattle reacted to mono-as opposed to mixed-grazing as well (Nolan and Conolly, 1989) . However, the general amplitude seems lower for cattle than for sheep in such a mixed-grazing system (Abaye et al., 1994; Kitessa and Nicol, 2001; Wright et al., 2006) .
Few studies have investigated how sward diversity and botanical composition influence secondary production in grassland (see review by Soder et al., 2007) . Such studies that have been reported have usually been limited in scope, for instance in comparing either the effects of simple mixtures on mixed-grazing or of diverse mixtures on single-species of grazing livestock. To our knowledge, the relationship between the phytodiversity of permanent grassland and mixed-grazing has not been studied over long-term periods. Grassland offers great potential for biodiversity conservation, subject to it being managed in a suitable way (Pavlu et al., 2006) . There are, however, ongoing threats of grassland abandonment in many marginal areas in regions of Europe (Pakeman et al., 2018) , and mixed-grazing of diverse swards offers potential opportunities for a more sustainable maintenance of ecosystem services of grasslands, including both biodiversity conservation and utilized agricultural production. Therefore, in this study, we designed a two-factorial experiment with two different sward types ("diverse-" and "grass-dominated") and three grazing treatments (cattle and sheep in mono-and mixed-grazing) analyzed over five successive years.
The underlying hypotheses of this study were: i) Primary productivity on diverse swards is higher than on grass-dominated swards ii) Diverse swards offer forage of higher quality than grassdominated swards iii) Phytodiversity results in greater secondary performance than on grass-dominated swards iv) Mixed-grazing is beneficial for livestock performance.
MATERIALS AND METHODS

Experimental Site and Weather Conditions
The present study was based on a grazing experiment conducted between spring 2007 and autumn 2011 at the experimental farm Relliehausen situated in the Solling Uplands of Lower Saxony, Germany (51 • 46 ′ 47 ′′ N, 9 • 42 ′ 11 ′′ E; altitude 184-209 m above sea-level). The site has a mean air temperature of 8.2 • C and an annual precipitation sum of 879 mm . The experimental farm is located in a marginal to hilly upland area in Central Germany. The grassland in this region is managed over a gradient of intensity, which includes sheep and beef or dairy production (Klimek et al., 2008) . The conditions of the experiment may be considered as representative of such situations under a temperate climate. The dominant soil type is a pelosol with a silty/clay-loam texture (for details see Jerrentrup et al., 2015) . The plant association of the vegetation was classified as moderately species-rich Lolio-Cynosuretum. Proportions of the three most abundant species, Dactylis glomerata, Lolium perenne, and Taraxacum sect. Ruderale were 22, 15, and 13%, respectively. In the years before the experiment, the site had been manured regularly prior to cutting, and managed as cut and carry pasture, with varying proportions of cattle and sheep grazing for more than 16 years. Soil nutrient status of phosphorus and potassium were low and heterogeneously distributed over the sward (Seither et al., 2012; Jerrentrup et al., 2015) . No fertilization was applied over the duration of the experiment. Weather conditions are presented in Table 1 .
Experimental Setup and Grazing Management
The experimental plots, i.e., paddocks, were laid out as a twofactorial (sward type and grazing-system) randomized block design with three replications. The plot size was 100 × 50 m resulting in 18 plots in total (two sward types × three grazing systems × three blocks).
The sward type was manipulated prior to the experiment in 2006 by applying herbicides against dicotyledonous plants {Starane Ranger and Duplosan KV with the active components fluroxypy
[4-amino-3,5-dichloro-6-fluoro-2-pyridyloxyacetic acid] or mecocrop-P [(R)-2-(4-chloro-otolyloxy) propionic acid], respectively, at a rate of 3L ha −1 Starane and Duplosan KV}. In response to the herbicide application, grass-dominated (gd) paddocks were obtained, to provide a contrast to the diverse (div) paddocks with greater species richness and greater abundances of forbs and legumes ( Table 2) . To maintain the sward differentiation, a there was a second herbicide application in autumn 2009, according to Petersen et al. (2012) . Records of single plant species numbers and proportions of plants and functional groups (grasses, legumes, forbs) were quantified annually in spring in each paddock from permanently installed subplots of 1 m² size. On this basis, species richness and evenness were calculated (Magurran, 2004) .
In each year of the experiment the grazing period lasted from May to September and was divided into three grazing cycles (GC) with an interruption of 6 weeks for animal mating between GC 2 and GC 3. Suckler cows (German Simmental breed, lactation no. 2 ± 0.6) with calves (average age of 22 ± 4 days and 64 ± 4 kg average weight at the beginning of the grazing season); and ewes (German Blackheaded Mutton and Leine Sheep, lactation no. 3 ± 0.3) with lambs (average age of 132 ± 18 days and 33 ± 4 kg average weight at the beginning of the grazing season) were assigned equally to paddocks on a live weight (LW) basis. The stocking density declined from 3,000 kg LW ha −1 or 6 livestock units (LU) ha −1 (one LU represents 500 kg LW) during GC 1 and GC 2, to 2,000 kg LW ha −1 or 4 LUs ha −1 during GC 3 to account for reduced herbage growth rates in autumn. The total number of animals, as affected by grazing system and GC, is given in Table 3 . Livestock adapted to grazing the area around the experimental paddocks prior to the start of the study were selected from the herd of the experimental farm. Paddocks were either stocked by cattle (C) or sheep (S) in mono-species grazing, or by cattle and sheep in mixed-grazing (CS). Stocking density in the mixedgrazing treatment was spread evenly between cattle and sheep. Each individual animal was consistently allocated within the same treatment group of individual animals during one year, and within a study year, each grazing treatment group stayed on the same sward type. During the interruption prior to GC 3, all individuals were kept within a large group grazing around the study plots. Before GC 3 animals were reallocated to the same treatment group as in GC 1 and GC 2; however, in a reduced number of animals per group. Blocks were grazed successively in a rotational system, beginning from the first block as exemplified in Figure 1 . There were no interruptions of grazing between blocks within GC. In each block grazed, every treatment (sward type × grazing system) was covered by a total number of six herds (C, S, and CS for each sward type, i.e., gd-and div-swards) (Figure 1 ) so that treatment replications were grazed one after another but each treatment simultaneously within one block. Averaged over 5 years, the GC per block lasted between 8.8 ± 1.7, 5.5 ± 1.9, and 12.3 ± 0.9 grazing days for GC 1, GC 2, and GC 3, respectively. Periods for regrowth varied between 34 ± 6 and 93 ± 11 days between GC 1 and GC 2 or GC 2 and GC 3, respectively.
Sward Measurements and Forage Quality
Prior and subsequent to each GC, the compressed sward height (CSH) was recorded at 50 randomly assigned sampling points per paddock, performed in a zigzag walk using a Rising Plate Meter (RPM, aluminum model, d = 0.3 m and 0.2 kg) (Castle, 1976) . The average pre-grazing CSH (preCSH) was 30 cm height. To derive the herbage mass (HM), CSH measurements were calibrated regularly by cutting herbage samples close to ground level from below the RPM with known CSH. These samples were weighed and dried in a forced-air oven at 60 • C for 48 h. The annually produced herbage mass (HM, kg DM ha −1 ) in 1 | Annual and monthly mean temperatures ( • C) and precipitation sums (precip., mm) between April and October for the grazing seasons 2007 until 2011 compared to long-term averages Data were recorded by the DWD (German weather service) located at Moringen-Lutterbeck (∼10 km from the field site, at comparable elevation). a Precipitation in 2011 refers to data of the weather station in Dassel (3 km distance from the field site at 183 m above sea-level). 2010 and 2011 was then calculated based on these calibrations between CSH and biomass for each paddock and year with a coefficient of determination of 0.77 ± 0.11. For the present study, we used HM and forage quality data from the experimental years 2010 and 2011, whereas data on sward productivity and forage quality during the preceding experimental years (2007 until 2009) is given in Seither et al. (2012) . The primary productivity was estimated from the pre-and postgrazing HM as sum of the pregrazing HM of GC 1 (pregraze HM 1 ) and the difference between pre-and postgrazing HM from GC 2 (HM 2 ) and GC 3 (HM 3 ) according to the following equation: Annual herbage accumulation = pregraze HM 1 + (pregraze HM 2 -postgraze HM 2 ) + (pregraze HM 3 -postgraze HM 3 ).
Vegetation regrowth during the stocking period was not quantified in this study. Therefore, the actual annual primary productivity was larger than calculated.
Concentrations of crude protein (CP), acid detergent fiber (ADF), gas formation (Gb), and crude lipids (CL) were quantified in the cut herbage samples used for calibration of HM, taken prior and subsequent to each GC and estimated using near infrared reflectance spectroscopy (NIRS). Spectra were evaluated with a calibration dataset of samples from different grasslands in Germany (Tillmann, 2010) . Mean H-values (Mahalanobis distances) of 1.79 ± 0.68 indicated a sufficient coverage by the calibration set, and data with H-values above 3.0 were removed from the analysis (Petersen et al., 2013) . The standard errors of calibration of CP, ADF, and CL were 0.69, 1.19, and 0.28, respectively. The Crude ash concentration (CA) was determined by burning subsamples in a muffle furnace (550 • C, 12 h). These parameters were used to calculate the concentration of metabolizable energy (ME) according to GfE (2008) with the following equation: ME (MJ kg −1 ) = 7.81 + 0.07559 Gb−0.00384 CA + 0.00565 CP + 0.01898 CL−0.00831 ADF.
Livestock Performance
Between 2007 and 2011, livestock weights were recorded prior to and subsequent to each GC. In addition, during GC 1, livestock were weighed prior to moving among blocks. On the basis of these measurements, average daily LW-gains (animal-ADG, g d −1 ) and area-related daily LW-gains (area-ADG, kg ha −1 d −1 ) were calculated with average values of total ADG measured between GCs divided by the number of grazing days separately for each livestock species. Additionally, area-related total LW-gain (kg ha −1 ) for each livestock species was calculated from recordings at the beginning and the end of the grazing 
Statistical Analysis
Statistical analysis was conducted using the statistic software "R 2.14.2" (R Development Core Team, 2012). Model assumptions were checked visually, while transformations and variance modeling was performed where necessary (indicated in the results-part of this paper). Sward productivity parameters, forage quality and area-related livestock performance (area-ADG, kg ha −1 d −1 and total LW-gain, kg ha −1 ) were analyzed for effects of sward type and grazing system. Individual average daily livestock performance (animal-ADG, g d −1 ) was evaluated for effects of sward type and grazing system within one livestock species. An analysis of covariance (ANCOVA) was conducted for sward productivity (t DM ha −1 ) with sward type, grazing system (mono-vs. mixed-grazing) and their interaction as fixed effects and block as categorical covariate separately for each year 2010 and 2011. For the post-grazing compressed sward height (postCSH, cm), a mixed model with sward type, grazing system and their interaction as fixed effects and the pre-grazing CSH as covariate was calculated. For forage quality (CP, ADF, and ME), statistical models included sward type, grazing system and interactions as fixed factors, and the GC was included as a covariate. The random structure accounted for repeated measurements of paddocks nested within blocks. Calculations were conducted separately for 2010 and 2011. A correlation analysis was conducted to quantify the relationships between species richness, evenness, and legume percentage as predictors on primary productivity (t DM ha −1 ) and forage quality (CP, ADF, ME) separately for 2010 and 2011. For each predictor (species richness, evenness and legume percentage) a separate model was generated. The model included year, the predictor and the interaction of year × predictor as fixed effects, while blocks and temporally repeated measurements were included in the random term. The replications of quality-data sampled within a treatment were pooled for this analysis.
The individual ADGs (animal-ADG, g d −1 ) of cattle and sheep were analyzed in mixed models using year, sward type, grazing system and their interactions as fixed effects separately for each species. The repeatedly measured ADG of individual animals was included within the random design and the GC was used as covariate. This model included the experimental years of 2007, 2008, 2010, and 2011 . Additionally, an identical model of individual ADGs was performed for single years by excluding the factor year. For the analysis of daily area-ADG (kg ha −1 d −1 ) as well as total LW gain (kg ha −1 ) a mixed model was calculated, which accounted for similarities within years in the random term and included sward type, grazing system and their interactions as fixed factors. Comparison between treatment means for significant differences followed by post-hoc Tukey HSD tests.
RESULTS
Primary Productivity and Forage Quality
In 2010 and 2011, primary productivity (t DM ha −1 ) was not affected by sward type or grazing system. However, postCSH was affected significantly by grazing system in 2011 (P ≤ 0.05) with a lower sward height in div-swards compared to gdswards (Table 4 ). In contrast, CP was affected significantly by the interaction of sward type × grazing system in 2010 (P ≤ 0.05) as well as each by sward type (P ≤ 0.05) and grazing system (P ≤ 0.05) in 2011. Compared to gd-swards, div-swards reached greater CP concentrations (2010: P ≤ 0.01, 2011: P ≤ 0.05). The ADF concentration was significantly affected by the interaction of sward type × grazing system in 2010 (P ≤ 0.05), while in 2011 only sward type had a significant effect (P ≤ 0.05) with the divswards reaching slightly lesser ADF contents compared to gdswards (2011: P ≤ 0.05). For ME, ANOVA revealed a significant interaction of sward type × grazing system in 2010 (P ≤ 0.05). Correlation analysis showed a positive relationship between species richness and CP concentration in both experimental Interactions between year and predictor were in no case significant. (Figure 2D) . A trend for slightly negative effects of species richness on sward productivity and ADF was found, whereas ME remained unaffected (Figures 2A,G,J) . There was no effect of evenness on productivity, CP, ADF or ME (Figures 2B,E,H,K) . Proportions of legumes in the sward had no effect on sward productivity, while CP (P ≤ 0.01) and ME (P ≤ 0.01) increased and ADF (P ≤ 0.01) decreased with greater legume proportions in the sward (Figures 2C,F,I,L) .
Secondary Productivity
For animal-ADG (g d −1 ) of calves, a significant interaction between sward type × grazing system in 2007 (P ≤ 0.05) and an effect of sward type in 2010 (P ≤ 0.001) was found, with significantly greater animal-ADG on div-swards compared to gd-swards. Animal-ADGs of calves differed significantly among years (P ≤ 0.01) (Figure 3) .
The animal-ADG (g d −1 ) of lambs was significantly affected by the interaction of sward type × grazing system in 2008 (P ≤ 0.01) with a larger animal-ADG in divswards and mixed-grazing. Among years, the animal-ADG of lambs was greater on div-swards compared to gdswards. Including year as factor into the model revealed a significant interaction between year × grazing system (P < 0.001).
Sward type affected cow animal-ADG (g d −1 ) in 2010 (P < 0.001). In 2010 and 2011, grazing system had a significant effect (P < 0.05), with a greater animal-ADG in mixed-compared to mono-grazing (Figure 4) . Including year into the model resulted in a significant effect of the year (P < 0.001) and grazing system (P < 0.05) with greater animal-ADGs (g d −1 ) in mixed-grazing compared to mono-grazing (Figure 4) . The interaction of sward type × grazing system affected animal-ADGs (g d −1 ) of ewes in 2007 (P < 0.001) and 2010 (P < 0.05). The results for 2011, however, showed a significant effect of grazing system (P < 0.05) and greater animal-ADGs in mixed-compared to monograzing was found (Figure 4) . The model including year, showed a significant threefold interaction between year × sward type × grazing system (P < 0.001) (Figure 4) .
The grazing system had a significant effect for both total LW-gain (kg ha −1 ) (P < 0.01) and daily area-ADG (kg ha −1 d −1 ) (P < 0.001). For cattle, total LW-gain and daily area-ADG were less under mono-grazing compared to mixed-grazing as well when compared with sheep-grazing treatments (P < 0.05). No differences were found between the sheep-grazing treatments ( Table 5) .
FIGURE 4 | Average daily animal-ADG (animal-ADG, g d −1 ) of suckler cows and ewes (means ± se) in relation to year, sward type (St) and grazing system (S, monoor mixed-grazing). The dark gray bars highlight grass-dominated swards, while light gray bars show diverse-swards. In statistical analyses of suckler cow animal-ADGs, the varIdent-structure was used to model heterogeneous variances between sward types (2007, 2010) or years (all years-model). Concerning ewes, the same variance modeling was used to account for differing variances between grazing cycle (2011) and years (all years-model). ns, not significant, P < 0.1, *P < 0.05, **P < 0.01, ***P < 0.001.
TABLE 5 | Secondary productivity expressed as area-related total live weight (LW, kg ha −1 ) and daily area-related LW gains (area-ADG, kg ha −1 d −1 ) as affected by sward type × grazing system separated for each livestock species and grazing system averaged over years (2007, 2008, 2010, and 2011 daily area-ADG (kg ha −1 d −1 ) 4.6 ± 1.0 4.7 ± 1.1 5.6 ± 1.2 4.1 ± 1.0 5.6 ± 1.1 6.5 ± 1.7 ns *** ns gd, grass-dominated sward; div, diverse-sward, mono: either cattle (C) or sheep (S) grazing; mixed, CS in mixed-grazing; St, sward type; G, grazing system. Numbers indicate means ± standard error. ns: not significant, **P ≤ 0.01; ***P ≤ 0.001.
DISCUSSION
Effects of Sward Type and Phytodiversity on Productivity
Primary Productivity of Swards
Biodiversity has traditionally been seen as a response variable rather than as a predictor of productivity (Kahmen et al., 2005) . Phytodiversity experiments based on sown swards have provided new insights and in some cases shown positive responses of primary productivity to increased species richness (e.g., Hector et al., 1999; Tilman et al., 2001; Isbell et al., 2015) even despite lower fertilizer input (Grace et al., 2018b) . This relationship has mainly been attributed to niche complementarity due to interspecific differences in resource use (Yachi and Loreau, 2007; Brophy et al., 2017) .
Results of the present study are not in line with this hypothesis as no influence of sward type on primary productivity was found to support our first hypothesis. Moreover, species richness and primary productivity were slightly negatively correlated. The forage intake on the diverse-swards, however, was increased in 2011 as revealed by lower postCSH (Table 4) . This was probably attributed to differences in grazing preference (Grace et al., 2018a) . Our findings support an observational study by Kahmen et al. (2005) who investigated semi-natural grasslands in central Germany, in which species richness and aboveground productivity were not related. In that study, species composition was a better predictor of sward productivity. A pronounced effect of species richness on productivity was observed in studies with a limited number of (up to five) plant species (Roy, 2001; Wrage et al., 2011) . On permanent grassland the range of species is typically much larger, which was also the case for the swards of the present study. Consequently, even species-poor grassland ecosystems can show a certain level of complementary resource use (Wrage et al., 2011; Petersen et al., 2013) , and this may also explain the absence of a relationship between species richness and productivity in the present study.
Evenness, as an index of phytodiversity, was used by Kirwan et al. (2007) to predict primary productivity and showed a positive relationship, which was not in line with the present results. Several studies deriving positive relationships between biodiversity indicators (e.g., evenness) and primary productivity, have investigated newly established swards with productive legumes under moderately high external input (Kirwan et al., 2007; Brophy et al., 2017) . The establishment of mixtures that included high yielding and N-fixing legumes (e.g., Medicago sativa or Trifolium repens) most likely contribute to positive phytodiversity effects on primary productivity during the initial years (Herrmann et al., 2008; Hector et al., 2010; Bouton, 2012) . Legume proportions of only 5% were insufficient to improve the yield levels ( Table 2 ). In the present study, the botanically simple sward treatment was achieved by using herbicides against dicotyledonous species. These herbicide applications resulted in a reduced level of species richness and an almost complete reduction of the proportion of biomass contributed by dicotyledons. Therefore, species richness and abundance of forbs and legumes were confounded per se and effects of species richness and occurrence of dicotyledonous plants cannot be disentangled. In addition, the heterogenous distribution between functional groups may also cause a lack of biodiversity effect (Jerrentrup et al., 2015) . Nonetheless, experimental approaches based on species removal, as used in our study, provide an important link between controlled experiments with an artificially created vegetation composition and observational studies at natural sites that are subject to less controllable conditions (Diaz et al., 2003) .
As part of normal agricultural practice, many farmers use herbicides to remove species regarded as weeds, or of low value, in order to extend the life of a sown sward and improve production of grasses and overall forage quality (Fuhlendorf et al., 2009; Petersen et al., 2013) . However, Petersen et al. (2013) did not detect any consistent effect of herbicide application on the herbage yield in an experiment on cut grassland that had vegetation similar to the swards of the present study. Seither et al. (2012) also found no effects of sward manipulation on primary productivity in the initial years of the present study. This was also confirmed for belowground biomass (Rose et al., 2013) and is in line with the present results. Besides provision of forage for livestock, extensive management of diverse grasslands also contributes to the conservation of many species (Everwand et al., 2014; Pakeman et al., 2018) . In addition, mixed low-intensity grazing was shown to offer good opportunities for butterflies (Fraser et al., 2014) and vertebrates (Evans et al., 2015) and this should be taken into account when evaluating the performance, in terms of ecosystem services, of such systems.
Forage Quality
As per our second hypothesis, div-swards containing dicotyledons (legumes and forbs) contributed to an increased herbage quality (Figures 2D,F,I,L) . This may be attributed to their slower rate of maturation and greater digestibility, relative to grasses, throughout the year (Bruinenberg et al., 2002; White et al., 2004; Petersen et al., 2013) . In addition, CP concentrations were higher on diverse swards (Figure 2D) , in line with previous studies (Hofmann and Isselstein, 2005; Seip et al., 2012; Seither et al., 2012) . The positive effect of species richness can be attributed to either a legume effect or a functional group effect. The significance of the relationship between CP concentration and species richness was stronger than that with legume percentage (Figures 2D,F) . Consequently, the increased forage quality was not caused solely by legumes in this study. The identity and agricultural value of forbs might, therefore, have positively influenced forage quality (Sanderson et al., 2003; Hopkins and Holz, 2006; Grace et al., 2018b) , which is emphasized by larger forb concentrations in the div-swards (Jerrentrup et al., 2015) .
Growth of Livestock
The effect of phytodiversity on secondary productivity was less clear than expected in relation to our third hypothesis. There was no clear effect of sward type on lamb performance with respect to individual years. However, when averaged over years, lamb growth rates were 12%-higher in div-swards compared to gd-swards, and this was also confirmed for ewes (Figures 3, 4) . Sheep benefit from grazing diverse swards with a greater array of plant species due to their preference for highly digestible and protein-rich plant material (Illius and Gordon, 1987; Rook et al., 2004) . The share of forbs in the div-sward increased until 2011 (Jerrentrup et al., 2015) . On average, 26.8 and 1.6% forbs were found in div-and gd-swards of the present study, respectively ( Table 2) . Legumes and forbs have the potential to increase sheep performance, and this could explain the differences found between sward types. For instance, Hutton et al. (2011) found increased live weights of ewes and lambs on a sward that contained chicory (Cichorium intybus), plantain (Plantago lanceolata), white (Trifolium repens), and red clover (Trifolium pratense) compared with a sward dominated by perennial ryegrass (Lolium perenne). In addition, certain forbs contribute positively to animal health and consequently to secondary performance; for instance, in a study by Tariq et al. (2008) yarrow (Achillea millefolium) reduced parasitic infections in sheep. The greater animal-ADG of lambs on div-swards in 2008 was indicated by the interaction of sward type × grazing system. This may possibly be attributed to a lower abundance of parasites in the mixed-grazing treatment, in conjunction with 20% forbs in the sward in that year (Jerrentrup et al., 2015; Grace et al., 2018a) .
In general, no effect of sward type was found for animal-ADGs of calves. An exception was for 2010, when calves showed faster growth on the div-swards. This is consistent with results from an earlier grazing study that used the same breed (Giebelhausen et al., 2007) . Milk yield of the cow represents the primary nutrient source for the suckled calf during the first month of life, and determines the growth rate (McGee et al., 2017) . With respect to unaffected LW-gains of suckler cows by sward type in the present study, and under the premise of relatively constant lactation curves, only small responses to the vegetation structure may, therefore, be expected in calf growth rates. The year 2010, which was the exception in showing a sward-type effect on the calves (Figure 3) , might be due to a higher milk yield of the cows on the div-swards compared to the gd-swards. Our findings, therefore, support the study of Fuhlendorf et al. (2009) , who found no advantage in using herbicides to enhance grazing cattle daily live weight gains. The lower animal-ADG of cows in 2007 may be associated with 39% more precipitation in that year, relative to the long-term average, as Schütz et al. (2010) , also found that excessive rain reduced the dry matter intake of cows.
Effect of Livestock Species and Grazing System
Primary Productivity and Forage Quality
In the present experiment, mixed-grazing had no impact on vegetation composition (Jerrentrup et al., 2015) . Primary productivity was found to be more enhanced by grazing of sheep compared to cattle in previous studies (Boswell, 1977; Murphy et al., 1995; White and Knight, 2007) . The present results, however, do not indicate an advantage of sheep over cattle with respect to total plant biomass and postCSH (Table 4 ). This is in accordance with earlier observations on the same experiment reported by Seither et al. (2012) , who found no difference in primary productivity in response to grazing species. In that study, however, preand postgrazing forage quality (CP and ADF) differed as a consequence of sheep grazing due to the higher quality requirements and selectivity. Pre-grazing forage quality, however, was not affected by grazing species in the present study. This may be attributed to little variation of vegetation composition in response to the grazing species (Jerrentrup et al., 2015) .
Consequences for Livestock Growth
Averaged over all experimental years of the present study, mixedcompared to mono-grazing increased animal-ADG of lambs by 17%. This finding supports our fourth hypothesis. Many authors have reported positive responses in sheep live weight gain to mixed-grazing (Abaye et al., 1994; Marley et al., 2006; Wright et al., 2006; Fraser et al., 2007 Fraser et al., , 2013 Fraser et al., , 2014 d'Alexis et al., 2013) .
Under mixed-grazing, better utilization of the pasture herbage (Forbes and Hodgson, 1985; Esmail, 1991) and reduction of intestinal parasite burdens have been suggested (Esmail, 1991; Marley et al., 2006; Fraser et al., 2013) . Positive responses of cattle to mixed-grazing have seldom been reported (d'Alexis et al., 2013) , and some studies have even indicated negative effects on cattle weights (Olson et al., 1999; Kitessa and Nicol, 2001) . However, cattle might also profit from mixed-grazing since the quality of the herbage in the vicinity of dung patches increases as consequence of sheep removing herbage and thereby avoiding senescence (Nolan and Conolly, 1989) .
The return of plant nutrients from excreta stimulates subsequent growth and quality of forage around dung and urine patches (MacDiarmid and Watkin, 1971; Scheile et al., 2018) . However, cattle, and to a lesser extent sheep, avoid grazing around their own dung patches, which reduces herbage utilization (Scheile et al., 2018) . The return of ingested N in urinary patches of cattle, however, may contain up to 99% of their previously incorporated N (Haynes and Williams, 1993) . Consequently, urine patches on swards may contain greater nutrient concentrations (Forbes and Hodgson, 1985; Scheile et al., 2018) . Sheep are known to graze relatively close to cattle dung patches and are consequently able to benefit from residual forage with more nutrients (Forbes and Hodgson, 1985; Murphy et al., 1995) .
In the present study, an interaction between sward type and grazing system was found for the ADF concentration in the year 2010 ( Table 4 ). In that year, herbage from sheep paddocks contained more ADF on div-swards but less on gdswards. In comparison with cattle paddocks, sheep paddocks contained less ADF in the gd-swards and more ADF in divswards. Sampled forage from cattle paddocks was characterized by having less ADF than that from sheep paddocks on divswards; this was due potentially to less selective foraging by cattle and greater selectivity toward forbs by sheep. In addition, Seither et al. (2012) observed an increasing proportion of Dactylis glomerata in sheep paddocks of the present experiment. This explains the significant interaction of sward type × grazing system for the ME concentration in 2010. However, greater ADF intake in the herbage by cattle, relative to sheep, may diminish the response of cows towards different sward types. In the div-sward, a slightly positive impact of mixed-grazing on overall suckler cow performance was observed. Despite dietary overlap between both livestock species, cattle diets usually contain more reproductive vegetation and dead herbage (Dumont et al., 1995; Armstrong et al., 1997; Celaya et al., 2008) . Consequently, cattle utilize forage left by sheep in the sward (Illius and Gordon, 1987) .
Assuming an average surface area distribution of excretal patches of 30-40%, leading to forage loss in cattle pastures (White et al., 2001) , the additional productivity benefit of mixedgrazing is highlighted. In the present study, mixed-grazing increased the area-related total LW by 20% compared to monograzing (13-37% ± 7.9) ( Table 5) , which is in accordance with previous studies (Olson et al., 1999; d'Alexis et al., 2013) . In the present study, the benefit of mixed-grazing consequently ranges below the potential when considering the share of excretal patches, which may be attributed to stocking rate adaptations during the last grazing cycle or a greater surface area of dung patches. Moreover, calf growth rates were not affected by mixed-grazing. Calves are more selective and prefer forage of higher digestibility than mature cattle (Cazcarra and Petit, 1995) . Consequently, calves may have a larger dietary overlap with sheep and show greater competition in mixed-grazing.
CONCLUSIONS
Sustainable grassland production seeks to maximize ecological and agronomic benefits. Long-term observations of management decisions on target variables are required due to variable climatic influences. The present study highlights both animal and grassland productivity on hilly and marginal regions of grassland production over a long-term period. As investigated here, less intensive systems contribute to an improved relationship between ecology and agronomy. With diverse swards and mixed-grazing, plant biodiversity was enhanced without adverse effects on productivity parameters. Consequently, ecological and agronomic goals were combined efficiently. Moreover, the present study indicated improved forage quality in response to increased species richness. Mixedgrazing of cattle and sheep on diverse permanent grassland represents a promising option for increasing resourceuse efficiency and biodiversity of extensive grassland-based meat production.
